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Edited by Sandro SonninoAbstract This study used rat erythrocyte ghost membrane to
investigate the eﬀect of aminophospholipid distribution in biolog-
ical membranes on oxidative susceptibility. Aminophospholipids,
lipid peroxidation, and carbonyl compounds were quantiﬁed;
plasma membrane structure was examined using atomic force
microscopy (AFM) and SDS–polyacrylamide gel electrophoresis
(SDS–PAGE). Inside-out vesicles (IOVs) had signiﬁcantly more
aminophospholipids and greater lipid peroxidation than right-
side-out vesicles (ROVs). Spectrin bands in IOVs disappeared
obviously than in ROVs as shown in SDS–PAGE. In both
systems vesicle protein size increased signiﬁcantly with oxida-
tion. Proteins aggregated much more in IOVs than ROVs at
48 h. These observations suggest that IOVs were more suscepti-
ble to ferrous ion-induced peroxidation than ROVs and that
asymmetric phospholipid distribution aﬀects biomembranes’
oxidative susceptibility.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Biological membranes, especially most mammalian plasma
membranes, share an asymmetric transbilayer distribution of
phospholipids between the inner and outer monolayer, a fun-
damental feature of normal cell operation [1,2]. Generally,
phosphatidylserine (PS) and phosphatidylethanolamine (PE)
are found primarily in the inner leaﬂet of the bilayer, while
phosphatidylcholine (PC) and sphingomyelin (SM) are mainly
found in the outer leaﬂet. Erythrocytes are an example of this
membrane phospholipid organization. The asymmetric
phospholipid distribution is under dynamic control; changes
or ‘‘ﬂip-ﬂop’’ correlate with translocase activity [3–5]. Translo-
case enzymes generate and maintain the asymmetric distribu-
tion [6,7], consuming ATP and selectively pumping PS from
the membrane outer monolayer to the inner monolayer [8].
Translocase enzymes vary in lipid speciﬁcity, energy require-
ments, and direction of translocation [2,8–12].
Although the true physiological function of asymmetric
phospholipid distribution is not very clear, it is recognized as*Corresponding author. Fax: +86 21 64166128.
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doi:10.1016/j.febslet.2005.12.056very important for vesicular traﬃcking, including vesicle bud-
ding and fusion, molecular recognition, and sorting between
cells [13]. It has been proposed that PE and PS are exposed
on the cell surface during early stages of apoptosis, resulting
in a total loss of aminophospholipid asymmetry in the plasma
membrane bilayer [9,14]. PE is redistributed at the cleavage
furrow of dividing cells during cytokinesis; this may play a piv-
otal role in mediating the coordinated movement between the
contractile ring and plasma membrane necessary for successful
cell division [15]. Moreover, procoagulant platelets and eryth-
rocyte senescence share the common feature of PS exposure in
the outer leaﬂet of the cells [16,17]. Thus, it is understood that
phospholipid distribution changes dynamically in correspon-
dence to the physical functions of biomembranes.
On the other hand, phospholipids in biomembranes are eas-
ily oxidized due to the high content of polyunsaturated fatty
acids (PUFA) such as linolenic acid (18:2) and docosahexae-
noic acid (22:6), which may increase a biological system’s sus-
ceptibility to lipid peroxidation [18,19]. The end-products of
lipid peroxidation may cause protein damage by means of
reactions with lysine amino groups, cysteine sulfhydryl groups,
and histidine imidazole groups [20]. We are very interested in
the eﬀect of the dynamic arrangement of phospholipids on
their resistance to oxidative stress. We have shown that the in-
verted hexagonal phase is more sensitive to hydroperoxidation
than the multilamellar phase [21], and the higher amino-
phospholipid content in the exofacial layer seems to be related
to its higher rate of ferrous ion-induced peroxidation of multi-
lamellar vesicles [22].
In this study, we selected a representative asymmetric mem-
brane system, ghost membrane from red blood cells of Spra-
gue-Dawley rats, to investigate the change in distribution of
aminophospholipids and related changes in peroxidation.
Ghost membrane is a typical asymmetric membrane system,
with greater aminophospholipid distribution in the inner leaf-
let. Its inside–out vesicles (IOVs) can be easily prepared by os-
motic lysis against the phosphate buﬀer with very low ion
strength [23].2. Materials and methods
2.1. Materials
Thiobarbituricacid, 2,4,6-trinitrobenzenesulfonic acid (TNBS), and
2,4-dinitrophenylhydrazine (DNPH) were purchased from Sigma (St.
Louis, MO, USA). Triton X-100, Coomassie blue dye, and bovine ser-
um albumin (BSA) were purchased from Pierce (Rockford, IL, USA).blished by Elsevier B.V. All rights reserved.
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Fig. 1. Formation of conjugated diene in ROVs (d) and IOVs (s) at
234 nm during AsA/Fe2+-catalyzed lipid peroxidation. ROVs and
IOVs were incubated with 1.0 lM FeSO4 and 20.0 lM AsA in 50 mM
HEPES buﬀer (pH 7.4) at 37 C for various times. ‘‘\\’’ means
signiﬁcant diﬀerence between ROVs and IOVs, P < 0.01, n = 3.
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from Acros (Geel, Belgium). Male Sprague-Dawley rats, 9 weeks old
and 350–370 g, were purchased from the Animal Center at Fu Dan
University (Shanghai, China).
2.2. Ghost preparation
Ghost membrane preparation was carried out at 4 C. Fresh blood
samples were obtained from ether-anesthetized Sprague-Dawley rats
by cardiac puncture, using EDTA as anticoagulant. Samples were cen-
trifuged, and erythrocytes were separated from plasma and buﬀy coat
and washed three times in phosphate buﬀer (5 mM, pH 7.4). Right-
side-out vesicles (ROVs) and IOVs were prepared in 5 mM phosphate
buﬀer, pH 7.4 and 8.0, respectively. Density barrier and ultracentrifuga-
tion procedureswere omitted [23]. Protein content was determined using
the Coomassie blue dye binding assay (Bio-Rad Laboratories, Rich-
mond, CA) with BSA as the standard. Protein content was analyzed
by 6% SDS–polyacrylamide gel electrophoresis (SDS–PAGE) [24,25].
2.3. Membrane asymmetry analysis
Freshly prepared 8 mM TNBS in 50 mM HEPES buﬀer (pH 7.4)
was added to the membrane solution in the presence or absence of
1% Triton X-100. The ﬁnal concentration of TNBS was 0.4 mM.
The reaction mixture was incubated at room temperature in the dark
for 1 h, and ultraviolet absorbance was measured at 420 nm [26].
2.4. Oxidation procedures
Oxidation was initiated by adding FeSO4 (1.0 lM) and ascorbic acid
(20.0 lM) and was carried out in 50 mM HEPES buﬀer (pH 7.4) at
37 C. The concentration of arachidonic acid (C20:4) in ROVs and
IOVs was adjusted to 1.0 mM.
2.5. Oxidation analyses
Following the required incubation period, oxidation was measured.
Conjugated dienes were quantiﬁed according to Sloane et al. [27].
Thiobarbituric acid reacting species (TBARS) were quantiﬁed accord-
ing to methods described by Buege and Aust [28]. The decrease in sub-
strate concentration of C18:2 and C20:4 during oxidation were
evaluated by gas chromatographic analysis as described by Folch
et al. [29]. Organic solvent (chloroform–methanol 2:1 by volume) con-
tained 0.83% BHT as an antioxidant and a proper amount of hepta-
decanoic acid as an internal standard. Methyl esters of total lipids
were prepared with 0.6 N methanolic HCl. Separation of fatty acid
methyl esters was performed with a HP 6890 instrument equipped with
a CP-Sil 88 column (Agilent, 0.25 lm, 50 m · 0.32 mm). The injector
was held at 280 C, the detector was held at 300 C, and the ﬂow rate
of the hydrogen carrier gas was 1.8 ml/min.
2.6. Carbonyl compounds assay
Ghosts were incubated with an equal volume of 0.1% (w/v) DNPH
in 2 N HCl for 1 h and deposited by trichloroacetic acid at 4 C for
30 min. After three washes with ethanol/ethyl acetate (1:1 v/v), the
deposition was dissolved in 8 M guanidine hydrochloride, 13 mM
EDTA, and 133 mM Tris (pH 7.4). The ultraviolet absorbance was
measured at 370 nm [30].
2.7. SDS–polyacrylamide gel electrophoresis
SDS–PAGE was performed according to methods described by
Khanna [25]. The protein was stained with Coomassie brilliant blue.
2.8. Atomic force microscopy (AFM) observation
Ghost membranes were observed using a Nanoscope IIIa AFM
(Digital Instruments, California), as described by Takeuchi et al.
[31]. Three 1 lm2 images were randomly selected for each case and
were evaluated with Nanoscope v512 software. Membrane protein ves-
icle size was randomly measured in each image with Image-Pro Discov-
ery Version 4.5 (Media Cybernetics Inc., USA).
2.9. Statistical analysis
The Student’s t-test was used to statistically compare ROVs and IOVs
at the sameoxidation time.One-wayanalysis ofvariancewasused tocom-
pare ROVs and IOVs at diﬀerent oxidation times in the same membrane
system. Results are expressed as the means ± standard deviation (S.D.).3. Results
3.1. Amino group distribution in the inner and outer leaﬂets
The proportion of amino groups on the surface of IOVs
(87.4 ± 0.1%) was much higher than that on the surface of
ROVs (19.0 ± 0.1%), as expected (n = 3). The ratio of amino
groups in the inner and outer leaﬂets was 4.6:1.
3.2. Lipid peroxidation
Conjugated diene, the primary product formed from the
double-bond rearrangement of oxidized PUFA esters, was
observed at 234 nm [27]. In ROVs, conjugated diene absor-
bance was 0.212 ± 0.011 at 0 h, increased to a maximal level
of 0.441 ± 0.006 at 24 h, and decreased to 0.281 ± 0.009 at
72 h, reﬂecting instability of conjugated diene. The absor-
bance at 72 h was signiﬁcantly higher than the absorbance
at 0 h (n = 3, P < 0.01). The same pattern was observed dur-
ing oxidation in IOVs. The conjugated diene absorbance at
0 h was 0.213 ± 0.003, increased to a maximal level of
0.462 ± 0.006 at 24 h, and decreased to 0.396 ± 0.003 at
72 h. The conjugated diene absorbance at 72 h was signiﬁ-
cantly higher than the absorbance at 0 h (n = 3, P < 0.01).
The maximal (24 h) absorbance of conjugated diene was sig-
niﬁcantly higher in IOVs than in ROVs (P < 0.01). In fact,
the levels of conjugated diene were higher in IOVs than in
ROVs at each oxidation time point (n = 3, P < 0.01,
Fig. 1). These observations suggest that IOVs were more
susceptible to peroxidation than ROVs.
TBARS are the secondary oxidation products formed from
the breakdown of oxidized PUFA esters. There was a signiﬁcant
increase in TBARS in ROVs between 0 h (5.023 ± 0.124 mmol/
ml) and 72 h (9.611 ± 0.119 mmol/ml) (n = 3, P < 0.01), but the
maximal TBARS level (10.837 ± 0.152 mmol/ml) was recorded
at 48 h, reﬂecting the high reactivity of TBARS [32]. The
TBARS concentration in IOVs was 5.187 ± 0.107 mmol/ml at
0 h and 11.046 ± 0.117 mmol/ml at 72 h, a signiﬁcant increase
(n = 3, P < 0.01). The maximal TBARS concentration
(11.465 ± 0.171 mmol/ml) also occurred at 48 h in IOVs.
TBARS levels were signiﬁcantly higher in IOVs than in ROVs
L. Di et al. / FEBS Letters 580 (2006) 685–690 687at all oxidation time points (n = 3, P < 0.01, Fig. 2). Thus, the
oxidative stability of IOVs was lower than ROVs.
C18:2 and C20:4, the main polyunsaturated fatty acids in the
ghost membrane system [33], were analyzed for susceptibility of
oxidation. Analysis of unoxidized C18:2 substrate indicated
signiﬁcant consumption of this polyunsaturated fatty acid in
both ROVs and IOVs. After 72 h of oxidation, 66.67 ± 2.47%
and 59.73 ± 0.70% of C18:2 remained in ROVs and IOVs,
respectively. The residual C18:2 in IOVs was signiﬁcantly lower
than that in ROVs at each oxidation time point (P < 0.01,
Fig. 3A). In ROVs, 91.57 ± 3.60% and 80.48 ± 2.18% of
C20:4 remained at 48 and 72 h, respectively. For IOVs, residual
C20:4 levels were 79.14 ± 3.60% and 66.00 ± 2.66% at these
same two time points. Residual C20:4 was signiﬁcantly less in
IOVs versus ROVs at both 48 and 72 h (n = 3, P < 0.01), but
there was no signiﬁcant diﬀerence in residual C20:4 levels at
24 h (Fig. 3B). The lower levels of unoxidized C18:2 and0 6 12 18 24 30 36 42 48 54 60 66 72
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Fig. 2. The concentration of TBARS in ROVs (d) and IOVs (s).
Reactions were carried out as described in Fig. 1. ‘‘\\’’ means
signiﬁcant diﬀerence between ROVs and IOVs, P < 0.01, n = 3.
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Fig. 3. Unoxidized substrates of C18:2 (%, A) and C20:4 (%, B) in ROVs an
signiﬁcant diﬀerence between ROVs and IOVs in the same peroxidation perC20:4 in IOVs suggest that they were more susceptible to per-
oxidation than ROVs.
3.3. Protein carbonyl assay
The concentration of protein carbonyl groups in ROVs was
0.005 ± 0.001 mmol/g protein at 0 h oxidation and
0.063 ± 0.001 mmol/g protein at 72 h, a signiﬁcant increase
(n = 3, P < 0.01). The concentration of protein carbonyl
groups in IOVs also signiﬁcantly increased from 0 h
(0.005 ± 0.002 mmol/g protein) to 72 h (0.066 ± 0.002 mmol/g
protein, n = 3, P < 0.01). Throughout oxidation, carbonyl
group levels were signiﬁcantly higher in IOVs than in ROVs
(n = 3, P < 0.05, Fig. 4) except 72 h, an indication that proteins
in IOVs were modiﬁed more easily than those in ROVs.
SDS–PAGE results (Fig. 5) show that in both systems few
proteins, especially a-spectrin and b-spectrin, could be ob-
served after 72 h incubation with Fe2+ and ascorbic acid.
The amount of modiﬁed proteins exhibited a time-dependent
decrease during oxidation, but the decrease was more obvious
in IOVs than in ROVs.
A continuous study on nanoscale structural changes of
ROVs and IOVs was carried out using AFM at various oxi-
dation time points. In both systems, there was an increase in
the size of vesicle proteins with oxidation time, albeit follow-
ing a distinct pattern. Proteins in IOVs aggregated at 48 h
(Fig. 6 I2), which became marked at 72 h (Fig. 6 I3). In con-
trast, in ROVs little change in proteins could be observed be-
fore 72 h (Fig. 6 R1, R2), when the proteins then aggregated
(Fig. 6 R3).
The size of protein vesicles was 11.526 ± 1.848 nm in ROVs
and 11.527 ± 1.353 nm in IOVs before oxidation (n = 18). At
48 h vesicle sizes were 16.402 ± 1.854 nm in ROVs and
19.991 ± 2.069 nm in IOVs. The size of protein vesicles in IOVs
was signiﬁcantly greater than that in ROVs (Fig. 7, 48 h,
P < 0.01). These ﬁndings suggest that the proteins in IOVs
were more highly modiﬁed than those in ROVs. After 72 h,
the size of protein vesicles had increased signiﬁcantly in both
systems, reaching to 31.603 ± 3.000 nm in ROVs and
33.248 ± 4.099 nm in IOVs. However, at this time point there
was no signiﬁcant diﬀerence in the size of protein vesicles be-
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Fig. 4. Formation of protein carbonyls in peroxidized ROVs (d) and
IOVs (s), which were incubated with 1.0 lM FeSO4 and 20.0 lMAsA
in 50 mM HEPES buﬀer (pH 7.4) at 37 C for various times. ‘‘\’’
means signiﬁcant diﬀerence between ROVs and IOVs at P < 0.05, and
‘‘\\’’ at P < 0.01 (n = 3).
Fig. 5. SDS–PAGE analysis. (A) ROVs (lane 2) and IOVs (lane 3)
were compared with Marker (lane 1) before oxidation. (B) Reactions
were carried out as described for Fig. 4. The content of the lanes are as
follows: lanes 1 and 5, oxidized-0 h of ROVs and IOVs; lanes 2 and 6,
oxidized-24 h of ROVs and IOVs; lanes 3 and 7, oxidized-48 h of
ROVs and IOVs; lanes 4 and 8, oxidized-72 h of ROVs and IOVs.
Fig. 6. AFM images of ROVs and IOVs before and after peroxidation.
ROVs (R) and IOVs (I) were incubated with 1.0 lM FeSO4 and
20.0 lM AsA in 50 mM HEPES buﬀer (pH 7.4) at 37 C for 0 h (R0;
I0), 24 h (R1; I1), 48 h (R2; I2), 72 h (R3; I3). Scale bars are in lm.
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It is well accepted that most biological membranes have a
diﬀerent phospholipid composition between the inner and out-
er leaﬂets. Transverse lipid segregation has been demonstrated
in plasma membranes [34]. In erythrocytes, the best docu-
mented system, PE and PS are located mainly in the inner sur-
face of the leaﬂet, while PC and SM are essentially in the outer
monolayer [13]. Renooij et al. [35] used TNBS to detect
phospholipid distribution and conﬁrmed that only 25% of
PE and 16% of PS were present in the outer surface of the
membrane, and the ratio of aminophospholipids between the
two sides of the membrane is about 1:6. Consistent with these
ﬁndings, within our membrane system, more aminophosphol-
ipids were localized to the outer surface of IOVs (87.4%) than
to ROVs (19.0%), and the ratio of aminophospholipids be-
tween ROVs and IOVs was 1:4.6, quite similar to the 1:6 ratio.The higher aminophospholipid content in the exofacial layer
seems to be related to the higher rate of ferrous ion-induced
peroxidation of multilamellar vesicles in this region [36]. We
previously showed that ferrous ion-induced peroxidation of
multilamellar vesicles occurs at a higher rate with a higher
amount of PE, which may be related to ferrous ion-dependent
hydroperoxide decomposition and consequent formation of
ﬂuorescent substances [22]. In addition to their asymmetric dis-
tribution in biomembranes, PC and PE constitute very hetero-
geneous classes of phospholipids, populated by various
molecular species that diﬀer in their fatty acid structure and
composition. In biomembranes such as erythrocytes, PE al-
ways contains more PUFA than PC [37,38], which may have
contributed to our result.
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Fig. 7. The size of membrane protein vesicles of ROVs and IOVs.
Reactions were carried out as described in Fig. 6. ‘‘\\’’ means
signiﬁcant diﬀerence between ROVs and IOVs at P < 0.01 (n = 18).
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hyde react with protein lysine amino groups and cause irre-
pairable damage to protein, which forms stable carbonyl
derivatives [32]. In addition, lipid peroxides convert to alkoxyl
and peroxyl radicals that can form carbonyl derivatives by
reacting directly with some amino acid residues [39]. In the cur-
rent study, comparison by fatty acid analysis of peroxidation
induced with ferrous ion revealed greater membrane peroxida-
tion in IOVs than ROVs. Carbonyl compounds accumulated
much more in IOVs than in ROVs until 72 h oxidation, an
indication that the membrane proteins in IOVs were subject
to more modiﬁcation than those in ROVs. SDS–PAGE and
AFM results support the same conclusion. The most concen-
trated bands, a-spectrin and b-spectrin, disappeared at 72 h,
and an indistinct band remained. Moreover, AFM showed
an obvious aggregation of proteins in IOVs after 48 h oxida-
tion. In contrast, there was no signiﬁcant change to proteins
in ROVs at 48 h.
In conclusion, our ﬁndings suggest that the asymmetric dis-
tribution of phospholipids in biomembranes will aﬀect their
oxidative susceptibilities. Higher aminophospholipid content
in the outer biomembrane surface increases susceptibility to
oxidative stress.
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